One of the key factors determining the function of all types of stem cells is their location in a specific microenvironment called a niche which is understood as a system of adjacent cells directly influencing their ability to carry out self-renewal divisions. The cells which compose the niche influence cytophysiological processes of stem cells both directly via the intercellular junction system and via the synthesis and release of many protein regulatory substances which are ligands of specific receptors in a particular stem cell. These proteins are often the products of distinct genes whose expression tends to be specific for nichecomposing cells. The niches formed of a few cells only observed in Drosophila gonads may become a valuable functional model in the studies of mammal stem cells since their analysis proves that the preservation of the stem cells' unique features does not require a large number of cells to be present in its vicinity.
INTRODUCTION
The unique nature of cells derives from their ability to carry out self-renewal divisions which result in the preservation of an undifferentiated cell population. This group of cells plays a crucial role in the stabilization of the organ structure, determines the reparation and regeneration of damaged tissues, and enables the preservation of intercellular homeostasis [1, 2] . Responsible for a continuous haploid germ cell production process, germline stem cells found in gonads have a special function to perform. Widespread studies on stem cell properties in recent years have primarily focused on explaining regulatory mechanisms which those cells undergo, and on showing and evaluating the expression of the genes and proteins which are specific for them, formed due to the translation process. The ability of stem cells to renew themselves with the simultaneous active inhibition of their differentiation can be sustained owing to the specific cellular and humoral microenvironment where they are found, referred to as a stem cell niche [3] .
The niches concentrate in restricted and at the same time highly specialized organ fragments. Consequently, in the stomach they are located in the isthmus of the main glands [4] ; in the small intestine between the fourth and eighth layer of the intestinal crypt cells [5] ; in the large intestine also in the crypts, but in the first or the second stratum [6] ; in the liver near Hering's canaliculi [7] [8] [9] ; in the pancreas usually around or in the epithelium covering intercalated ducts [10, 11] ; in the skin inside the bulge of the hair follicles, close to the sebaceous glands [12] ; and in male gonads in the direct vicinity of the supportive Sertoli cells [13, 14] . In the CNS, the neural stem cell niche seems to be located beneath the ependymal cell layer that lines the brain ventricles, within so called subventicular zone (SVZ) as well as in the dentate gyrus. [15, 16] . The stem cell niches may be also dispersed in the excretory ducts of the mammary gland [17, 18] .
Niche cells influence stem cells in a paracrine or cytocrine manner, and directly through intercellular gap junctions, causing a series of biochemical effects which are manifested by the activation or inhibition of certain genes, and, as a consequence, by their proteome modification. In these interactions, specific stem cell receptors perform a primary function. The internal environment of the niche is also modified via endocrine-like signals generated outside the niche or neurotransmitters released from nerve endings [19] .
The term of a stem cell niche was first used with reference to the cells surrounding pluripotent haematopoietic cells [20] [21] [22] . Studies on a bone marrow niche as well as the niches in other organs have encountered significant problems resulting from the complexity of the niche forming cell composition, high proliferation dynamics and, above all, difficulties in the precise separation of the cell system composing a single niche. Under these conditions, it is not easy to identify repetitive groups of niche cells, constant in terms of their composition, in which the same model of interactions with stem cells occurs. Therefore, it seems valuable to search for simpler niche models of stem cells, based on systems formed from a small, usually constant number of cells. These conditions are perfectly met by stem cell niches located in gonads of invertebrate organisms, including insects represented by Drosophila melanogaster, a model organism in molecular biology [23] .
REVIEW
The ovarian niche of Drosophila melanogaster is found in the apical blind end of an elongated tubular structure. It is responsible for the production of mature gametes which are released from the basal ovarian end. The ovarian unit called an ovariole contains 2-3 germinal stem cells located in a specialized structure called the germarium. The niche is formed by terminal filament cells on the germarium apex and cap cells which are in contact with underlying stem cells. Dividing asymmetrically, germline stem cells produce two sisters, of which the first remains in contact with the cap cell, while the other, called a cytoblast, loses this contact and disappears via the differentiation (Fig. 1) . Recent studies suggest that the Sevenless (Sev) receptor, present in somatic cells of the posterior ovary region, is responsible for the proper niche location in the apical pole of an ovariole, just like its Boss (Bride of Sevenless) ligand released by germline cells [24] . Following the stimulation of that receptor, the tyrosine kinase pathway activation prevents ectopic stem cell niche formation. In the case of a testicular niche, however, there is a set of somatic cells called hub cells located in the apical region of the organ. Morphological and genetic analyses reveal 5-9 germinal stem cells in the testicle of a mature specimen, which are still in contact with central cells and form a concentric ring around them [25] .
Each germinal stem cell is flanked by a pair of progenitor cells: somatic stem cells which also remain in contact with central cells. The germline stem cell and two accompanying somatic cells divide asymmetrically in a radial orientation in relation to the centre, creating differentiated sister cells. Those from the cells which have been formed from germinal cells, called gonialblasts, divide further and produce interconnected spermatogonia, while the two differentiated somatic cells do not divide but grow inside spermatogonia cysts [26] . New germline stem cells and gonial-blasts are connected by cytoplasmatic bridges which are preserved during the next division. This is reminiscent of the situation observed during a stem cell division both in the ovaries of the drosophila and the testicles of mammals.
An analysis of the ovarian and testicular niche structure and function shows both plenty of similarities but also significant differences occurring between them. A key role in the niches is played by specific accompanying cells which not only surround stem cells, creating a specific humoral microenvironment, but also directly bind with them through a system of intercellular junctions of the zonula adhaerens and nexus type [27] . The role of these cells is the paracrine activation of signalling pathways which ensures maintaining the stem cell phenotype and protects them from the differentiation. However, the signal transduction mechanism is very distinct in both niche types and depends on the expression of other gene groups.
In the region of the ovarian niche, cap cells play a key regulatory role. It is suggested that only these cells, with the presumed participation of cells found in the basal area of the terminal filament, are responsible for germinal stem cell survival. Cap cells synthesize and release two regulatory factors: dpp (decapentaplegic) and a BMP (bone morphogenic protein) analogue known as gbb (glass bottom boat). They stimulate the SMAD signalling pathway of the germinal stem cells, preventing their differentiation and allowing for the preservation of the self-renewal cell status [28] [29] [30] [31] . The dpp (decapentaplegic) gene encodes a signalling molecule similar to the transforming growth factor beta (TGF-β). The loss of the function by dpp leads to germline stem cell disintegration, while the dpp overexpression leads to their neoplastic transformation. A clonal analysis of the receptors and messengers participating in the dpp signalling pathway, such as punt (an encoding dpp type II receptor) and Mad/Med (Mother against dpp/Medea) encoding the dimeric transcription activator, shows that the dpp signalling is directly received by the germline stem cells.
A fundamental yet still poorly explained role in the signalling processes of the ovarian niche is played by Yb, hh (hedgehog) and en (engrailed) genes which show expression only in cap and terminal filament cells [32] [33] [34] [35] [36] . The loss of the Yb function causes stem cells to differentiate directly, without divisions into the germinal cyst line. They might as well undergo a limited number of pathological mitoses, losing their selfrenewal ability. The inhibition of the hh expression during oogenesis affects germinal stem cells to a small degree, but the en participation in that process has not been explained yet.
An important role in maintaining the stem cell line is also played by the piwi gene which shows expression both in germinal and somatic cells, including cap and filament cells. It belongs to the Argonaute gene family which encodes alkaline proteins analogous to EIF2C (a factor initiating translation in eukaryotes) and plays a key role in the stem cell division, gametogenesis and RNA muffling in animal and plant organisms [37, 38] . Undoubtedly, Yb and Piwi are elements of signalling pathways other than dpp. This is also supported by the following findings. Firstly, the Piwi and Hh expression in cap and filament cells depends on Yb, which does not refer to the dpp expression since it is not regulated. Secondly, although the piwi and Yb elimination leads to a stem cell disintegration similar to that observed in the absence of dpp, the Yg or piwi overexpression in somatic cells doubles the number of germline stem cells. The signal dependent on Yb/piwi from the niche seems to modulate the rate of germline stem cell divisions in a dose dependent manner, while dpp functions on the basis of a different mechanism, not yet known. Yb and Piwi gene products do not show signalling molecule features and are probably not secreted by the cell, but the signalling molecule produced on the Yb/Piwi pathway is the Hh protein.
This protein is a ligand located in the cellular membrane in germinal stem cells of the ptc receptor, a product of a specific ptc (patched) gene [39] .
The connection of the Hh molecule with that receptor causes unblocking of the Smo (Smoothened) membrane protein suppression, which allows it to enter the intercellular signalling pathway and activate the Ci (Cubitus interruptus) factor homologous to Gli1. This leads to an initiation of the special gene transcription in the target cell [40] . The Hh protein shows a specific expression in the niche cells, and the relative signalling pathway plays a leading role in controlling the somatic stem cells division. However, its participation in mechanisms regulating germinal stem cell functions is slight. The effect of the Hh expression decrease is a poorly pronounced dysfunction in these cells, while overexpression results in a moderate increase in their number only. The expression of hh in the niche cells requires Yb; however, it is independent from Piwi, indicating that Hh and Piwi represent bifurcated arms of the Yb regulatory pathway. Phenotypically, ptc-deprived somatic cells resemble the cells with hh overexpression; yet those which lost Smo are similar to mutants with the hh knockout gene. Still, in the Drosophila ovary somatic stem cells do not come into direct contact with the cap cells, but they are separated by a group of postmitotic epithelial cells, called coating cells. Therefore, how does signalling via Hh take place in this situation?
It seems that Hh molecules produced in the cap cells can move with an elongated, peripheral niche "arm", migrating inside coating cells to reach receptors located in the somatic stem cell membrane. All of these observations tend to show that the signalling pathway dependent on Piwi controls germline stem cell divisions, while the Hh-dependent pathway regulates the mitosis process in the somatic cells. There are certain alternative arms of the Piwi signalling pathway which might generate a series of other signals important for maintaining the germline stem cells. These signals include cytokines, smallmolecule substances penetrating via nexus type junctions and extracellular matrix components or proteins forming intercellular junctions. Beside piwi, DE-cadherin (also called shotgun) and β-catenin (arm; armadillo) show expression in all cells of the germinal and somatic lines. The significant DE-cadherin and arm role in maintaining the stem cell line pinpoints the important role of the intercellular adhesion in determining the stem cell destiny [41, 42] .
Signalling from the niche can also occur via the nexus junction. The zpg (zero population growth) gene encodes the protein of the nexus junctions, innexin 4, which is specific for germinal line stem cells [43, 44] . This protein is anchored in cellular membranes, in the places of contact with the cap and somatic cells. The zpg-null mutants are marked by a constant number of abnormal germinal cells which may gradually replace stem cells or their sister cells. Therefore, zpg is necessary for early terminal cell survival and differentiation. The RanBPM protein also plays an important role in the niche functioning as it binds the molecules of the Ran protein which is responsible for the two-directional transport between the nucleus and cytoplasm. Thus, the ovarian niche of the stem cells has two features: first, it produces numerous regulatory molecules responsible for germinal cell line maintenance, and second, it ensures intercellular adhesion. It is worth emphasizing that the niche is in partial balance of the opposing interactions: in the proximal part (cap cells), processes responsible for self-renewal abilities of the stem cells dominate, and in the distal part (filament cells) stem cells division suppression and differentiation activation occur (Fig. 2) .
Furthermore, key signalling molecules of the Drosophila central testicular niche release an Unp (Unpaired) ligand which activates the specific Janus kinase, also known as Hop; Hopscotch [46] . The Jak-Stat transduction pathway stimulation activates the transcription in the adjacent stem cells and maintains their self-renewal process [47, 48] . The loss of Unp, Jak or Stat results in disorders in stem cell maintenance, while excessive Jak-Stat pathway activation caused by Upd ectopic expression leads to an unlimited stem cell amplification. Ovarian and testicular niches differ in the dpp pathway role during oogenesis and spermatogenesis, respectively. Firstly, the dpp signalling does not occur in the maintenance or division of nuclear germline stem cells, but it limits the proliferation of differentiated sister cells. Secondly, testicular germinal cells do not require dpp signal transmitters and receptors, as opposed to somatic cells. The loss of the punt and shn (shnurri) function in somatic cells of the cysts leads to an excessive proliferation of gonial-blasts and their sister cells, not causing that effect in germline stem cells. Shn encodes the transcription factor with a zinc finger motif (a BMP1/2 homologue), which is down-regulated by the dpp signal, affecting dependent genes expression. The dpp influence on germinal cells is not direct, and it is accomplished via somatic cells. Another signalling pathway limiting the germline stem cell proliferation in the testicle works via raf (pole hole). This self-renewal restriction and control of the germinal stem cell number occurs with the participation of the raf somatic cells. Since raf is a key component of the Ras/ERK pathway (signal regulated intercellular kinase), it can be assumed that the Ras/ Raf/ERK system plays a primary role in limiting stem cell proliferation [23] .
The receptor for the raf pathway has not been identified yet, but it is known that the epidermal growth factor receptor (Egfr) limits excessive stem cell proliferation in the testis. The loss of Egfr in somatic cells disturbs the balance between stem cell self-renewal and differentiation, leading to an increase in the number of stem cells. Raf and Egfr function in the same cells causing similar effects, thus, the stimulation of Egfr activates the Ras/Raf/ERK pathway. An important role in shaping the testicular stem cell niche seems to be played also by the Lasp-1 protein which is one of adhesive molecules responsible for cell migration [49] . In recent years, some stem cell niches of vertebrates have successfully been described. The closest to the gonad niche of the Drosophila, at least in structural terms, seems to be the stem cell niche, located in the hair follicle bulge of humans and rodents. It has been found that the niche functioning relies on Wnt and Shh (Sonic Hedgehog) signalling pathways [50] . The morphology and cytophysiology of a bone marrow cell niche have not been satisfactorily defined yet, however, it is known that in mice, the signalling pathway of Steel/c-Kit as well as Wnt, Shh and Notch pathways play a key role in hematopoiesis [51] [52] [53] [54] . Furthermore, in the niche found in mice intestinal crypts, the expression of B1 ephrine and its membrane receptors, EphB2 and EphB3, has been revealed [55] .
CONCLUSIONS
Information obtained so far, concerning the structure and function of the gonad stem cell niche of the Drosophila, allows for generalizations which, in their basic formulation, might be referred to as the niches found in the organs of vertebrates. Firstly, mammals' niches do not have to be a complex and intricate set of cells to play their function. Probably, a few stromal cells only or even just one of them may be sufficient to control the division of bone marrow or hair follicle stem cells. Secondly, mammals' niches are distinguished by a functional duality, for instance, bone marrow stromal cells can control the division of both hematopoietic and mesenchymal progenitor cells. Furthermore, connective tissue cell clusters of the olfactory section in the nose can regulate both epithelial and neural stem cell divisions. Thirdly, this can also be found in mammals with the same signalling pathway participating in various stem cell systems, but its function in each of the systems is different. In mammals, the Dpp homologue, BMP8B, is necessary for germline stem cell initiation and maintenance, similarly to Dpp in Drosophila oogenesis. However, differently from insects, BMP8B shows expression in germinal cells, and not in niche cells. Although the Jak-Stat signalling pathway generally occurs in embryonic stem cell maintenance in mammals, it can probably perform alternative functions in tissue stem cell systems. On the other hand, the Steel/c-Kit pathway necessary to maintain self-renewal of hematopoietic stem cells can stimulate the differentiation of seminiferous epithelium stem cells. Besides, it can also be assumed that mammal stem cell niches utilize the mechanisms which are highly tissue-specific. It has been observed that a signal coming from the niche can selectively influence the transcription of specific genes in particular stem cell types.
There is evidence that the stem cell niche in mammals not only regulates its self-renewal potential, but it also restricts the differentiation range to the tissue where it takes place. For example, a single isolated embryonic stem cell often shows higher differentiation flexibility compared to the mass of those cells in situ; under in vitro conditions, liver stem cells can undergo transdifferentiation to pancreatic endocrine cells. In addition, it is not known how the niche restricts the stem cell differentiation potential. Probably, mammal stem cells begin apoptosis as a standard mechanism to eliminate the excess of stem cells and their differentiated sister cells. Thus, many questions remain unanswered; however, large scale studies on the gonadal niches of the Drosophila have provided and continue to provide plenty of surprising as well as exciting information concerning their structure and, what is more, the molecular mechanisms of their activity, which sheds new light on the theory of stem cell niches which continues to be formulated.
